The probiotic Bacillus subtilis improves broiler performance; however, its effects on rooster reproduction are unknown. Therefore, 2 experiments (EXP) were conducted to evaluate impacts of B. subtilis on poultry semen quality. In EXP 1, B. subtilis was cultured for 48 h to a concentration of 10 8 CFU/mL. Semen from 72-week-old White Leghorn roosters was pooled and diluted 10-fold with the following treatments: 1) saline control, 2) sterile broth, 3) culture of B. subtilis, 4) supernatant from the culture, and 5) bacterial pellet from the culture. Semen pH and the sperm quality index (SQI) were obtained at 0 and 10 min post dilution to analyze effects of exposure length. The entire experiment was replicated 3 times. Semen pH and SQI were not affected by the B. subtilis pellet as compared to saline control. However, pH and SQI for every treatment containing broth were lower than the saline or pellet treatments. For EXP 2, 42 individually caged White Leghorn roosters, 74 wk old, were fed either 0 or 4.5 × 10 4 CFU of B. subtilis/g of feed. For each of 4 wk, individual semen samples were analyzed for pH, semen volume, sperm concentration, sperm viability, and the SQI. Additionally, semen concentrations of Na + , Ca 2+ , K + , Cl − , CO 2 , and O 2 were measured. In the last week, ejaculates were serially diluted and plated to determine Bacillus spp. counts. The dietary addition of B. subtilis did not alter sperm quality characteristics, seminal ion concentrations, or Bacillus spp. counts. In conclusion, neither direct exposure of sperm nor dietary exposure of roosters to B. subtilis alters sperm quality, possibly because this bacterium is indigenous to the rooster's reproductive tract and semen. Therefore, feeding B. subtilis to roosters may not negatively affect fertility and may be an acceptable method to decrease pathogens, because B. subtilis alters intestinal microbiota. Future studies should investigate the effect of this probiotic on semen microbiota, especially regarding the presence of pathogenic bacteria that threaten public health.
and poultry feed has been reported to improve animal performance by interacting with intestinal microbiota and by decreasing the population of pathogenic bacteria [1] . However, the risk associated with antimicrobial resistance has led to the use of alternatives to AGP, such as probiotics [2] . Probiotics are live microorganisms, including bacteria and fungi, that when adequately supplemented in the diet benefit host health [3, 4] . Supplementation with these feed additives helps to meet the consumer demand for antibiotic-free livestock and poultry products, decreases the risk to human health, and potentially alleviates the reduction in animal performance caused by the removal of antibiotics from animal feed [5] .
Bacillus spp. are examples of microorganisms commonly exploited as probiotics for livestock and poultry [2, 6] . Bacillus spp. are Gram positive, aerobic or facultative anaerobic, and endospore-forming bacteria [7] . The genus encompasses a few pathogenic species and especially non-pathogenic bacteria, such as B. subtilis. This bacterium is commonly used as a dietary supplement to prevent gastrointestinal disorders and enhance growth performance [6, 8] . Because the population of B. subtilis gradually decreases after supplementation, its constant addition in the diet is required [9] . Unlike other non-pathogenic and Gram-positive bacteria, such as Lactobacillus and Bifidobacterium, B. subtilis can form spores (dormant life forms). In fact, these spores are predominantly provided in feed (rather than vegetative cells) due to their ability to resist heat, dehydration, and storage prior to consumption, as well as the low pH and bile salts found in the gastrointestinal tract [10] .
Despite its complex and diverse effects, the modulation of intestinal microbiota by B. subtilis is an important mechanism of action to improve animal performance. For example, a previous study conducted on broiler chickens showed that the supplementation of cultured B. subtilis improved broiler intestinal microbiota by increasing the population of Lactobacilli and decreasing the population of E. coli as compared to the control group [11] . Furthermore, improvements in average daily gain and feed conversion rate were reported. Similar results were reported by Knap et al. [12] in broilers fed cultured B. subtilis, which showed a reduction of 58% and 3 log units in Salmonella-positive drag swabs and ceca counts, respectively, as opposed to the untreated group. Furthermore, a numerical improvement was reported in feed conversion rate and body weight gain at 42 days. In layer hens, the supplementation of a commercial probiotic containing B. subtilis was associated with improvements in egg quality by enhancing yolk color, albumen quality, shell strength, and shell thickness [13] .
Although research concerning the effects of B. subtilis on poultry growth performance has been well documented, scarce information is available concerning the effect of this probiotic on rooster reproductive performance. However, B. subtilis is partially excreted through the cloaca, where the semen is also released during ejaculation. Therefore, it is possible that the microorganisms present in the cloaca can contaminate semen [14] . In fact, Bacillus spp. have been found in contaminated turkey semen, along with other bacteria species, such as Staphylococcus spp., coliforms, and Streptococcus spp. [15] . In addition, Wilcox and Shorb [16] also described the presence of different bacteria in rooster semen at a concentration of 2.2 × 10 6 CFU/mL. These findings suggest that semen contains several species of bacteria; however, their impacts on semen quality and fertility were not elucidated.
Alternatively, research has demonstrated the direct effect of some species of bacteria on semen quality. For example, a previous in vitro study revealed that Salmonella and Campylobacter were apparently attached to different parts of spermatozoa when rooster semen was exposed to these bacteria [17] . In addition, the in vitro exposure of rooster semen to pathogenic bacteria (Salmonella, E. coli, Campylobacter, and Clostridium) decreased sperm motility, but the detrimental effect of bacteria on sperm motility was even more evident in the presence of Lactobacillus and Bifidobacterium, classified as non-pathogenic bacteria that are commonly used as probiotics [18] . However, research analyzing the effects of B. subtilis on semen quality is scarce. As a result, 2 experiments were conducted. The first objective was to evaluate if sperm motility was altered when rooster semen was directly exposed to B. subtilis or its metabolites, in vitro. The second objective was to determine the impact of dietary 
MATERIALS AND METHODS

Experiment 1
Housing and care. In this experiment, semen from 30 White Leghorn roosters, 72 wk old, was obtained. Feed and water were provided ad libitum, and the birds received 16 h of light per day. The birds were fed a common basal diet ( Semen collection and analysis prior to treatment. On each of 3 alternating d, ejaculates from 10 White Leghorn roosters (30 roosters total), 72 wk old, were collected by the abdominal massage method of Burrows and Quinn [20] and pooled into a sterile scintillation vile. Before the addition of treatment solutions, semen was examined to determine if sperm concentration and viability were within the normal range, using a photometer [21] and fluorometer [22] , respectively.
B. subtilis culture. One wk prior to the experiment, 1 g of B. subtilis probiotic product [23] was cultured in 9 mL of sterile fresh nutrient broth [24] . To provide appropriate growth conditions, 1 mL of the culture was aseptically transferred to 9 mL of sterile fresh nutrient broth every 48 h. The culture was incubated under aerobic conditions at 37
• C [25] and simultaneously kept in constant motion on an Orbit Junior Shaker [26] . Immediately before inoculation of semen samples, B. subtilis counts for the product were found to be 10 8 CFU/mL after 24 h of incubation on mannitol egg yolk polymyxin agar (MYP) [27] .
Treatments. The pooled semen samples were exposed to the following 5 treatments: phosphate buffered saline (PBS) control, sterile nutrient broth, B. subtilis culture of 10 8 CFU/mL, supernatant from the B. subtilis culture, and pellet from the B. subtilis culture. To create the supernatant and bacterial pellet treatments, 1 mL of the B. subtilis culture was placed in a microcentrifuge tube and centrifuged for 5 min in a microcentrifuge [28] at 8400 rpm (4700 x g). After centrifugation, the supernatant was aspirated and used for the supernatant treatment. The pellet in the bottom of the microtube after centrifugation was reconstituted with PBS to the original volume and then added to the neat semen. For all treatments, semen was diluted 10-fold (50 µl of semen and 450 µl of treatment solution) and thoroughly mixed in a microcentrifuge tube before the tests were performed.
Semen analysis after treatment. After the addition of treatments, diluted semen was analyzed for the sperm quality index (SQI), using a sperm quality analyzer (SQA) [29] , and pH [18] was determined by pH indicator strips [30] . Two readings for SQI and pH were obtained for each treatment at both 0 and 10 min after exposure of semen to each treatment under aerobic conditions. The experiment was replicated 3 times, on alternate days.
Experiment 2
Housing and care. A total of 42 White Leghorn roosters was used in this experiment. Feed and water were provided ad libitum, and the birds received 16 h of light per day. All the roosters were fed a basal diet (Table 1) for an adaptation period of 5 wk. Roosters were individually caged in raised-wire cages and treated in accordance with the Guide for Care and Use of Laboratory Animals in Agricultural Research and Teaching [19] .
Experimental diets and procedures. The concentration of B. subtilis (QST 713) in the commercially available product used in this current study was previously evaluated in the first experiment and determined to be 10 8 CFU/g. One wk before the beginning of the study, 42 White Leghorn roosters were divided into 2 equal groups, with 21 males per group. For 4 wk, males were fed, ad libitum, the following experimental diets: a control conventional rooster basal diet with no inclusion of B. subtilis or a Bacillus diet with inclusion of 4.5 × 10 4 CFU of B. subtilis/g of feed (0.045% of Opti bac S-manufacturer recommendation). Both diets (Table 1) were measured using an ABL77 gas and electrolyte analyzer [33] . Live performance. Every week, unconsumed feed was weighed for each rooster to determine feed intake. Because all the roosters were over 70 wk old and no longer in the growth stage, body weight and body weight gain were individually obtained only every 2 wk, at 74, 76, and 78 wk of age.
Seminal microbial analysis. During the last wk (wk 4) of semen collection and immediately after the semen parameters were estimated, semen samples were kept on ice for a maximum of 2 h and analyzed to determine Bacillus concentrations. The variables measured to determine the concentration of Bacillus in semen samples included log CFU of Bacillus per mL of semen and per billion sperm in the ejaculate [34] .
Statistical analysis
Data from Experiment 1 were analyzed using a randomized complete block design with a split plot in time [35] . In Experiment 2, data were analyzed using a split plot design, with individually caged roosters serving as the experimental units and dietary treatments split over wk of the study [36] .
RESULTS AND DISCUSSION
Experiment 1
Semen analysis is a useful tool to predict rooster reproductive performance, by determining the number of viable and motile sperm in the ejaculate that is capable of fertilizing the egg and ultimately producing offspring [37] . In this current study, neat semen analysis performed before addition of any treatments revealed that the semen samples contained 3.3 billion sperm/mL and 7.4% dead sperm, which were similar to values reported in previous studies [22, 38] . Due to semen being collected from old roosters, it was expected that these parameters could be slightly worse as compared to younger roosters [39] .
When the different treatments were added to semen, the overall main effect revealed that all treatments containing broth (sterile broth, Bacillus culture, and supernatant from the culture) had similar SQI values that were all drastically lower than those of the saline control or bacterial pellet treatments (P = 0.0001; Figure 1A ). However, a time by treatment interaction was found for the SQI (P = 0.0007; Figure 1B) . The interaction was due to an increase over incubation in the SQI of the saline control and pellet of B. subtilis treatments. However, a reduction in the SQI was observed in all remaining treatments between 0 and 10 min of exposure of semen to the treatments. During both 0 and 10 min of incubation, no difference was detected between the saline control and pellet of B. subtilis. However, at each of these time periods, the SQI was reduced in all the remaining treatments (P < 0.0001).
The SQI is a measure of general sperm movement that is influenced by how often and how many sperm move across a light path [29] . Because the same original pool of semen, with a constant sperm concentration, was utilized to create all in vitro treatments in the present study, the SQI could have been affected only by sperm motility changes among treatments. The lack of a detrimental effect on sperm motility when semen was exposed in vitro to the reconstituted bacterial pellet suggests that B. subtilis does not directly have a negative effect on sperm movement. Additionally, because the SQI of the supernatant was actually greater than that of the broth, it is unlikely that B. subtilis metabolites negatively affect sperm motility. The detrimental effect on sperm motility of the treatments containing broth was possibly due to components of nutrient broth that could inhibit sperm motility. Similarly, Haines and cohorts [18] described a decline in SQI when rooster semen was exposed in vitro to tryptic soy broth. Additionally, the authors also revealed a decline in pH as compared to the saline control when rooster semen was incubated with tryptic soy broth at both 0 and 10 minutes. This decline in pH possibly contributed to the reduction observed in the SQI. In fact, similar to the SQI, the main effect for in vitro treatments, in the current study, revealed that all treatments containing broth yielded lower pH (P = 0.0013; Figure 2A ) values as compared to the saline control and pellet treatments. However, a time by treatment interaction also occurred due to a decrease in pH over incubation when semen was exposed to the saline control, but an increase in pH over incubation when semen was diluted in bacterial culture (P = 0.016; Figure 2B ). At 0 min, semen exposed to the saline control exhibited the highest pH compared to the other treatments, whereas the bacterial pellet exhibited a higher pH than sterile broth, bacterial culture, or the supernatant. By 10 min of incubation, no significant difference in pH was found between the saline control and the bacterial pellet, whereas semen pH was lower in all the remaining treatments, with the broth diluent exhibiting the lowest pH. These data suggest that the nutrient broth used to culture B. subtilis is mostly responsible for not only the reduction in sperm motility, but also a reduction in pH, whereas the direct exposure of semen to B. subtilis cells only does not alter the SQI or semen pH.
However, the presence of other species of bacteria has been described to have a negative effect on sperm motility and semen pH. For example, a previous study revealed that sperm motility is reduced when rooster semen is directly exposed in vitro to Salmonella, E. coli, Campylobacter or Clostridium. However, in the same study, sperm motility was eliminated with exposure of rooster semen to Lactobacillus and Bifidobacterium, which, similar to B. subtilis, are Gram-positive bacteria commonly supplemented as probiotics in animal feed [18] . Furthermore, the direct exposure of rooster semen to all bacteria, except Salmonella, significantly lowered pH as compared to the saline control, and the greatest reduction in pH was again observed in semen exposed to Lactobacillus and Bifidobacterium as compared to the pathogenic bacteria. The reduction in pH upon exposure to Bifidobacterium and Lactobacillus was probably due to the production of lactic acid by these bacteria [40] . Because semen pH plays an important role in sperm function and movement, it is possible that this reduction in sperm motility was partially attributed to the reduction in pH [41] . In fact, in our study, the sterile broth treatment showed the lowest SQI and pH after 10 min of incubation, suggesting that the decrease in pH negatively affected sperm motility. Alternatively, the direct exposure to the pellet from the culture of B. subtilis did not alter sperm movement or pH after 10 min of incubation, as compared to the saline control.
Because in the present study, the direct in vitro exposure of rooster semen to B. subtilis did not alter pH or motility, it is possible that B. subtilis do not use the damaging mechanisms described in other species of bacteria to reduce sperm function and semen quality. Similar to this current study, the presence of other Gram-positive bacteria, such as Micrococci and alpha-haemolytic Streptococci, in the ejaculate also did not alter human sperm movement or semen quality [42] . Perhaps B. subtilis does not have any detrimental effect on sperm quality, because Bacillus naturally occurs in the rooster reproductive tract and semen [15, 43] .
Experiment 2
Throughout the study, no significant interactions were observed between dietary treatments and time (wk) for any parameter evaluated; therefore, only results for the main effect of diet will be discussed. Dietary supplementation of B. subtilis did not significantly alter SQI (P = 0.320), percentage dead sperm (P = 0.609), total sperm concentration (P = 0.929), live sperm concentration (P = 0.918), semen volume (P = 0.657), total sperm concentration per ejaculate (P = 0.727), or live sperm per ejaculate (P = 0.740; Table 2 ). These data suggest that the manufacturer recommended inclusion of B. subtilis (0.045% of Opti Bac S) does not alter rooster semen quality. Although the manufacturer claims that this probiotic contains 10 9 CFU of B. subtilis/g of product, in the current study the concentration of this bacterium was determined to be 10 8 CFU/g of product. Therefore, the concentration of B. subtilis added in the feed was about 4.5 × 10 4 CFU/g of feed. Because B. subtilis is provided in the feed as spores, which have been reported to survive harsh gastrointestinal tract conditions [9, 10] , possibly the majority of B. subtilis included in the diet was still viable in the intestine. However, because in this current study the intestinal and fecal concentration of B. subtilis was not determined from control or roosters supplemented with B. subtilis, it is not possible to estimate the exact percentage of viable B. subtilis in the gut and feces that could have potentially contaminated rooster semen through the cloaca. In contrast to this study, previous research suggests that the addition of B. subtilis and B. licheniformis in the rooster's diet improves semen volume, sperm concentration, and sperm motility, and decreases the percentage of abnormal and dead spermatozoa in comparison to a control group [44] . However, in that work, both B. subtilis and B. licheniformis were supplemented together in the rooster's diet. Hence, it is unknown if an individual bacteria species or the interaction between both bacteria species improved semen quality. Additionally, semen samples were collected only once from 43-weekold Al-Salam roosters (a local Egyptian strain), whereas in this present research, ejaculates were obtained weekly from 74-to 78-week-old White Leghorn roosters. In fact, in poultry species, intestinal microbiota concentration and composition have been found to be affected by age. For example, Awad et al. (2016) [45] found a more diverse microbiota in 28-day-old chickens as compared to younger birds, whereas in laying hens, a higher concentration of Firmicutes and Bacteroidetes as well as a more diverse bacterial community were found in 30-week-old hens as compared to 8-week-old hens [46] . Therefore, a different seminal concentration of Bacillus ssp. could be found in younger males as opposed to the present study, in which both (control and supplemented) groups were composed of aged roosters.
Similarly, pH (P = 0.548) as well as gas concentrations of O 2 (P = 0.159) and CO 2 (P = 0.189) and electrolyte concentrations of Na + (P = 0.849), K + (P = 0.315), Ca
2+
(P = 0.654), and Cl − (P = 0.928, Table 3 ) were not significantly affected by the dietary supplementation of B. subtilis. Avian semen pH ranges from 6.9 to 7.1, and seminal buffer activity plays an important role in maintaining sperm livability because pH changes can be detrimental to spermatozoa. In fact, temperature as well as concentrations of uric and lactic acid have been shown to affect semen pH [41] . Semen also contains several elements that surround sperm and ensure viability by controlling osmolality and participating in enzymatic activity [47] . Research suggests that the concentration of various semen components may be affected by different factors, such as location of semen in the male reproductive tract and temperature to which roosters are exposed [41, 47] .
Additionally, other species of bacteria have been known to alter semen composition and pH and, ultimately, decrease semen quality. For example, in humans, the presence of U. urealyticum is associated with poor semen quality due to the utilization of microelements in the ejaculate by this bacterium [48] . Moreover, in avian species, the in vitro inoculation of semen with Lactobacillus and Bifidobacterium, commonly used as probiotics in animal feed, decreases sperm motility, probably due to the reduction in pH caused by the production of lactic acid [18] . However, in the current study, the results indicate that dietary addition of B. subtilis does not alter semen pH or composition, probably because B. subtilis is a natural inhabitant of the male reproductive tract and semen. Additionally, B. subtilis supplemented roosters in the current study showed similar feed intake (P = 0.636), body weight (P = 0.515), and body weight gain (P = 0.825, Table 4 ) as compared to untreated birds. Although improvements in feed conversion, body weight, and other meat production parameters have been observed in response to the addition of dietary Bacillus spp. [49, 50] , there are studies that report no improvement in growth performance with supplementation. For example, in a commercial trial, the addition of Bacillus spp. in broiler diets did not significantly affect body weight, body weight gain, feed intake, or feed conversion ratio when compared to bacitracin methylene disalicylate and control treatments [51] . Furthermore, the previous studies on B. subtilis supplementation were focused mainly on broiler chicken performance. Therefore, because the current study tested this probiotic in mature male layer breeders that are no longer in the growth stage, a rapid body weight change was not expected. Thus, results obtained in this study might be different from the broiler research with B. subtilis.
Additionally, supplementation of B. subtilis in the feed did not alter Bacillus spp. counts per mL semen (P = 0.199) or Bacillus spp. counts per billion sperm (P = 0.381, Table 5 ). Previous studies suggest that some directly fed microorganisms, including B. subtilis, must be continuously supplemented in the diet because they are partially excreted from the gastrointestinal tract through the cloaca [9] . Because the semen is in direct contact with the cloaca during ejaculation, the bacteria present in this region might be a source of contamination in both natural mating and artificially inseminated flocks [14, 52] . However, in our study, the presence of Bacillus also was observed in seminal samples of non-treated birds, likely because these bacteria naturally occur in the rooster's reproductive tract and semen. In fact, Bacillus spp. have been described in turkey semen, along with other bacteria, including Staphylococcus, Escherichia, and Enterococcus, at a concentration of approximately 9 log CFU/mL [15] . Additionally, Wilcox and Shorb [16] also revealed the presence of bacteria in rooster semen at a concentration of 6 log CFU/mL. Similarly, in the present study, the concentrations of Bacillus spp. in semen from control and treated roosters were found to be 6.9 and 6.6 log CFU/mL, respectively ( Table 5 ). The presence of Bacillus spp. in semen has been identified in other species. For example, Ghoneim et al. (2014) [53] found that Bacillus is one of the most common bacteria present in dromedary semen. Bacillus spp. also were isolated from 22% of boar semen samples, at a concentration of 3.6 × 10 7 CFU/mL of semen, along with other aerobic bacteria [54] . However, a previous study suggests that the presence of Bacillus spp. in boar semen possibly originated from external sources, such as tubing and extending systems, rather than the animal [55] . In this current trial, the sources of contamination were avoided by using sterile microtubes and by autoclaving the diluent before the semen was collected and analyzed. Additionally, the presence of bacteria in the vas deferens has not been described in poultry species [14] . Therefore, it is possible that bacteria contamination occurs at the cloaca and not in the upper part of the reproductive tract [14] . In fact, the microbiota found in semen and the cloaca are of similar composition, suggesting that the microorganisms present in the cloaca contaminate semen through excretion [14] .
Previous studies have shown that supplementation of B. subtilis in poultry diets modulates the intestinal microbiota by increasing the population of Lactobacilli and decreasing the population of pathogenic bacteria, such as E.coli [11] and Salmonella [12] , which are commonly associated with foodborne diseases [56, 57] . Bacteria released from the intestinal tract through the cloaca can contaminate semen. Therefore, future studies should evaluate the impacts of dietary inclusion of B. subtilis on overall flock fertility and the relationship of this probiotic with horizontal and vertical transmission of pathogenic bacteria from the roosters to the hens and chicks, respectively, which could ultimately be transmitted to humans.
CONCLUSIONS AND APPLICATIONS
1. This study suggests that direct in vitro exposure to semen or supplementation in the diet with B. subtilis does not have any detrimental impact on rooster semen volume, pH, ion and gas composition, or sperm motility, concentration, or viability. 2. Bacillus spp. naturally occur in rooster semen, and adding B. subtilis in the diet did not result in an increased presence of this bacterium in semen. 3. Due to the ability of B. subtilis to modulate intestinal microbiota and decrease the population of harmful bacteria, future research should investigate the impact of this bacterium on bacterial pathogens in semen. 4. The interaction of B. subtilis with harmful bacteria present in the ejaculate, which could be vertically and horizontally transmitted to the offspring, could impact the incidence of foodborne diseases.
